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SUMMARY

The HERS detector of the [on Mass Spectrometer on the Giotto spacecraft
measured the 3-dimensional distribution of picked-up cometary protons over a
distance of ~8 million km upstream of the bow shock of Comet Halley. The
protons were observed to be elastically - scattered out of their original
cycloidal trajectories such that they were nonuniformly distributed over a
spherical shell in velocity space. The shell radius {relative to its expec-
ted radius) and thickness increased as the bow shock was approached. Down-
stream of the shock, the cometary protons could not be distinguished from the

heated solar wind protons.

Keywords: Comets, Plasmas, Interplanetary medium

Y z 12 iH CK- 3 -19342
NASA-CR-180< 12) THE EICK-UEF CF CCMETARY N87
E(BGT(.NS BY THE SCIAR WIND {det Etopu1519u

Lat 13 ¢ C3CLi 03B

ab-) d Unclas

G3/92 43657



1. INTRODUCTION
The first part of a comet sensed by the solar wind is its extensive co-
rona of atomic hydrogen. The comet-solar wind interaction begins when these
H atoms are ionized, either by photoionization or by charge-exchange colli-
sions with the solar wind, and the newly ionized protons respond to the
electric and magnetic fields in the solar wind. This paper briefy summarizes
some of the principal features of this initial interaction and pickup of

cometary protons.

2. INSTRUMENTATION

The data presented here wére obtained by the High Energy Range Spectro-

meter (HERS) of the Giotto Ion Mass Spectrometer (IMS) experiment. The

" instrument design and performance have been described by Balsiger et al.
(1986a,b). With this instrument, it was possible to study separately the
velocity distributions of each ion species (i.e. each narrow range of mass/
charge ratio, M/Q). Only proton data are considered here.

Ouring the period of interest, HERS mapped the distribution of protons
every fourth spacecraft spin (i.e., 4 s out of every 16 s). A separate
channel electron multiplier detector (CEM) counted the flux of protons in
each of four elevation angle bins, which viewed the protons incident at
angles with respect to the spacecraft spin direction of 15 to 30° (CEM D), 30
to 45° (CEM C), 45 to 60° (CEM 8), and 60 to ~70° (CEM A). The spacecraft
spin axis was closely aligned with the relative velocity vector between the
spacecraft and the comet and was pointed toward the comet. During each
four-second spin, the proton counts were sorted into 31 azimuth bins (11.25°
each) and 64 quasi-logarithmically spaced energy bins, ranging from 10 to

4024 eV. The total field of view for protons was thus 349° x ~55°,
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3. PRELIMINARY RESULTS

The method used to identify protons of cometary origin is illustrated in
Figure 1. Shown as small plots A, B, C, and D are polar plots of contours in
velocity space of the proton phase-space density, f(v), observed with the
four CEM detectors A, B, C, and D, respectively, during the interval 0803 to
0908 spacecraft event time (SCET), March 13. Each plot represents the dis-
tribution on a conical surface; the horizontal axis corresponds to flow in
the plane defined by the spacecraft spin vector and the direction to the
Sun while positive vertical values correspond to flow with a northward
component. Figure 1A shows data from CEM A, whose field of view was furthest
from the spin axis and included the solar wind. The peak of the solar-wind
distribution is indicated by an "x" in the center of the roughly circular
contours. At this time, the solar wind speed was 397 km/s relative to the
spacecraft. The distortion of the contours at low energy is due to inaccura-
cies in the preliminary aigorithms used for processing the low-energy proton
data. Three contour levels represent a one-decade change in phase-space
density. With increasing displacement from the "x" at the peak of the solar-
wind distribution in Figure 1A, the phase-space density decreased monotoni-
cally across 16 contour levels (>5 orders of magnitude); the outer four
contour intervals have been shaded, with a darker shade representing a higher
value of f(v). Two still lower density levels have been left unshaded in
Figure 1A. Even further outward from the "x", at the bottom of the frame
(corresponding to flow with a southward component), the phase-space density
climbed again, through four contour levels, as again indicated by shading.
This outer arc is due to the pickup protons. Because the phase-space density

of the pickup protons was about four orders of magnitude less than that at




the peak of the solar-wind proton distribution, it is necessary to sum the
data over many spins; 237 spins of proton data were used to generate Figure
1. During the time that the data in Figure 1 were obtained, the direction of
the interplanetary magnetic field remained relatively steady with solar-
ecliptic latitude and longitude angles of +26 and 13°, respectively. The
expected location in velocity space of picked-up cometary protons can be
calculated as follows: The photo-dissociation of cometary water leads to H
atoms with speeds, a, of 8 and 20 km/s (Keller, 1976). Since both these
values are considerably less than the 43.8 km/s heliocentric speed of the
comet, which was in turn considerably less than the solar-wind speed, the
velocity of the picked-up protons is relatively insensitive to the precise
value of the magnitude of a. For the calculations which follow, it is as-
sumed that a = 11 km/s, in keeping with the results of analysis of Lyman-
alpha observations of comet Halley by Suisei (Kaneda et al., 1986).

Since the velocity of the spacecraft was directed towards the comet and
the relative speed between the two was 68.4 km/s, the neutrals appeared to
come from the direction éf the comet with velocity vy, = (68.4 + a) km/s. In
a réference frame moving with the solar wind, the velocity of a newly‘created
proton would be J;* = :n - ;sw’ where Jh and ;sw are the velocities of the

neutrals and the solar wind, respectively, in the spacecraft frame. Resolu-

*

r 1into components perpendicular and paraliel to the

tion of the velocity ;
interplanetary magnetic field allows calculation of the protoﬁs‘ helical
motion (a ring in velocity space in the solar-wind reference frame). The
trace of the ring of freshly ionized hydrogen through the instrument field of
view can be calculated. The }ntersections of this ring with the fields of

view of the four CEMs are shown by crosshatching in Figure 1.




It is clear from Figure 1 that the location of the pickup protons in
velocity space includes but extends beyond the (cross-hatched) locations
expected for newly created ions spiralling around the local magnetic field.
There is evidence that the pickup protons have been scattered in pitch angle
so that they occupy a large part of a spherical shell with radius vr*, center-
ed at the solar-wind velocity. The scattering was not sufficiently intense,
however, to fill the shell uniformly. The curves showing the intersections
of this shell with the conical surfaces mapped out by the four CEMs are also
indicated in Fig. 1. The population of picked-up protons is spread out from
the expected ring location along these curves.

The band of pickup protons is broader for CEM-D than for the other
detectors because the shell is nearly tangent to the field of view of this
sensor.

A similar set of four diagrams is given in Figure 1 of Neugebauer et al.
(1986) for the time interval 1436-1552 SCET, March 13, when the field direc-
t{on was not quite 50 steady as in the interval shown in Figure 1 above. In
that case, the shells were nearly completely filled.

At this distance of nearly 4 million km from the comet, the thickness of
the shell was roughly consistent with the energy resolution of the instrument.
There is no strong evidence for energy diffusion or heating of the protons in
the shell; this question will be examined in greater detail in future work.
In summary, until the spacecraft was quite close to the shock, the picked-up
protons were nonuniformly distributed over a spherical shell in velocity
space, with the shell center and radius determined by the velocities of the
solar wind and the comet. This result is consistent with the two-dimensional

measurements made by Suisei (Terasawa et al., 1986).




Better statistics on the radius (in velocity space) and the thickness of
the shell of pickup protons can be obtained by calculating the distribution
of the magnitudes of the vectors A; = §>- ;sw. Figure 2 shows the average
f(v) plotted versus lAzl/vr* for several intervals when the solar-wind
velocity was relatively steady. These curves were obtained by sorting the
proton counts obtained in each energy-azimuth-elevation bin into bins of
IA;|, each bin being 20-km/sec wide, then averaging the contents of each
|av] bin, and finally dividing |av| by v.* before plotting. In the ideal
case of a perfectly calibrated instrument with very narrow energy and angular
resolution, if all the newly ionized protons had been picked up at the same
solar wind speed and had no energy changes thereafter, this plot would show
a sharp spike at lACl/vr* = 1, superimposed on the flank of the solar-
wind distribution function.

Each curve in Figure 2 iS labelled according to the times (in SCET) of
the first and last data included. Upstream of the shock crossing at ~1930
SCET, the data show rather broad peaks near |A;|/vr* = i.O, with the positions
and fhe widths of the peaks increasing as the comet was approached. Far up-
stream of the shock, the radius of the shell appeared to be somewhat less
than expected. It is possible that this effect is not real, but that it is
due to a combination of instrumental factors which are currently under inves-
tigation. The widths of the peaks in the first three curves in Figure 2 are
not significantly broader than the widths ekpected from instrumental smear;
future modeling efforts will allow quantitative comparisons of these distri-
butions to those expected for pickup shells of infinitesimal thickness. There
is no queétion, however, about the reality of the increasing radius (relative
to the expected value of Vr*) and of the increasing thickness of the shell as

the shock is approached.




These changes can be ascribed to a combination of effects. First,
the instrument always detected cometary protons ionized over a range of
distances upstream of the spacecraft. The “older" protons, which were picked
up further uypstream where the solar-wind speed was presumably higher, should
be on a larger-radius shell than should the “"young" protons picked up locally.
In addition, the protons in the shell would be adiabatically heated as the
solar wind was decelerated and compressed (Ip.and Axford, 1986). Although
there is a mixture of ages of pickup protons at all distances from the
shock, the effect becomes much more pronounced close to the shock where the
pickup of heavier ions, such as C* and 0%, increases the rates of mass loading
and slowing of the solar wind. Separation of the effect of superposition of
shells of protons with different ages from the effect of adiabatic accelera-
tion will be very difficult to model because the Giotto spacecraft approached
the comet from a direction nearly perpendicular to the solar-wind streamlines
instead of along a single streamline. Although the solar-wind velocity did,
'on the averagegdecrease as the bow shock was approached, this decrease was
not smooth. It can be seen from Figure 1 of Johnstone et al. (1986) that in
this upstream region, the spacecraft crossed many discontinuities separating
plasmas of different speeds.

Two additional effects which could broaden the shell symmetrically --
both inward and outward from its nominal position -- are energy diffusion
and an increased level of variation in ;;w associated with an increased
amplitude of turbulence close to the bow shock. Neither of these effects
were apparently very important outside the bow shock.

It is apparent from the bottom curve in Figure 2 that inside the

shock, the shell of pickup protons could no longer be distinguished from




heated solar-wind protons. At this time, protons were detected in all energy
channels of the instrument, which included velocities as high as ~850 km/s.
The presence of protons with energies ~16 times the local bulk flow energy
is indirect evidence for the continuing presence of protons picked up at
higher speeds and of additional energization processes as well.

Pickup protons were first detected at ~1700 UT on March 12, the day
before encounter when the spacecraft was nearly 8 million km from the comet.
The dependence of the number of picked-up protons on distance from the comet
can be crudely estimated from Figure 3, which shows the integral under the
pickup-proton peaks (in curves like those shown in Figure 2) plotted versus
distance from the comet nucleus. Two effects are evident in Figure 3.
First, there is a general dropoff associated with the expected decrease in
the number of H atoms with distance from the comet. A least-squares fit to
the data produces an average dropoff proportional to r=1.75, Second, there
are very large fluctuations about the average dropoff rate caused by (a)
spatial inhomogeneities in atomic H arising from time variations in cometary
activity, (b) perhaps some variation in the rate of charge exchange collisions
between H atoms and the temporally and spatially varying solar wind, and (c)
variations in the direction of the interplanetary magnetic field, which cau-
ses changes in how the cycloidal motion of picked-up protons cuts through the
field of view of the instrument. Further work on untangling these various
effects and on determining the rate of pitch-angle and energy scattering is

in progress.
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FIGURE CAPTIONS
Fig. 1. Phase space density contours of CEMs A-D for the period 0803-0908
UT, March 13, 1986.

Fig. 2. Average phase space density as a function of displacement in velocity
space from the solar-wind bulk speed; see text for the definition of
terms. The short, horizontal lines on each spectrum denote equal

values of <f(v)>.

Fig. 3. Average phase space density of the part of the shell of pickup
protons within the field of view of the HERS instrument versus dis-.

tance from the comet nucleus.
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